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Abstract
Cortical perception of noxious stimulation is an essential component of pain experience but it is not known how cortical
nociceptive activity emerges during brain development. Here we use continuous telemetric electrocorticogram (ECoG)
recording from the primary somatosensory cortex (S1) of awake active rat pups to map functional nociceptive processing in the
developing brain over the ﬁrst 4 weeks of life. Cross-sectional and longitudinal recordings show that baseline S1 ECoG energy
increases steadily with age, with a distinctive beta component replaced by a distinctive theta component in week 3. Event-
related potentials were evoked by brief noxious hindpaw skin stimulation at all ages tested, conﬁrming the presence of
functional nociceptive spinothalamic inputs in S1. However, hindpaw incision, which increases pain sensitivity at all ages, did
not increase S1 ECoG energy until week 3. A signiﬁcant increase in gamma (20–50Hz) energy occurred in the presence of skin
incision at week 3 accompanied by a longer-lasting increase in theta (4–8Hz) energy at week 4. Continuous ECoG recording
demonstrates speciﬁc postnatal functional stages in the maturation of S1 cortical nociception. Somatosensory cortical coding
of an ongoing pain “state” in awake rat pups becomes apparent between 2 and 4 weeks of age.
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Introduction
Pain is essential for survival and even newborn mammals need
to process the sensory input from tissue damaging or threaten-
ing stimuli. However, while protective spinal and brainstem-
mediated nociceptive reﬂexes are evident from before birth, the
higher-level brain processing required for perception, learning,
and memory of pain develops postnatally with increased
exposure to the environment. In adult humans, it is now recog-
nized that the conscious experience of pain arises from a
dynamic change in a distributed network of brain activity
(Davis et al. 2015; Kucyi and Davis 2015; Mano and Seymour
2015; Woo et al. 2015). The primary somatosensory cortex (S1)
forms part of a pattern of cortical activity that is highly
sensitive and speciﬁc to pain (Mancini et al. 2012), as manipu-
lated by nociceptive input (Wager et al. 2013; Woo et al. 2015).
Importantly, this activity is not simply a measure of noxious
input, but tracks subjective pain more closely than the noxious
stimulus itself. The somatosensory cortex appears to be related
to a combination of nociceptive and affective aspects of pain,
as distinct from evaluative and self-regulatory aspects (Wager
et al. 2013; Woo et al. 2015). Since both newborn rat (Thairu
1971; Chang et al. 2016) and human S1 (Slater et al. 2006;
Goksan et al. 2015; Verriotis et al. 2016) receives functional
nociceptive thalamocortical inputs, this cortical region repre-
sents an appropriate brain area in which to begin to study the
maturation of cortical pain networks.
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Studies of the postnatal development of the somatosensory
cortex have been largely conﬁned to the rodent whisker barrel
cortex, which have revealed considerable maturation of excita-
tory and inhibitory connections over the ﬁrst weeks of life
(Feldmeyer 2012; Dufour et al. 2016). At the end of the ﬁrst post-
natal week, intermittent burst activity in the whisker barrel
cortex, driven by thalamic inputs, is replaced by an adult-like
active cortical state and the emergence of organized sensory-
evoked responses (Khazipov et al. 2004; Minlebaev et al. 2011)
and a precise somatosensory map (Mitrukhina et al. 2015).
These elegant studies, including the recently reported effects of
alcohol and serotonin reuptake inhibitors (Lebedeva et al. 2015;
Akhmetshina et al. 2016), are particularly important because
they were performed in vivo, using head ﬁxed rat pups follow-
ing withdrawal of anesthesia.
Little is known about the formation of nociceptive networks
in S1. The increasing complexity of S1 nociceptive evoked activ-
ity over the ﬁrst four postnatal weeks in anesthetized pups sug-
gests considerable network maturation in the ﬁrst 3–4 weeks of
life (Thairu 1971; Chang et al. 2016), a proposal that is supported
by the changing energy and power of S1 oscillating signals
within different frequency bands following noxious stimulation
in pups under anesthesia (Devonshire et al. 2015; Chang et al.
2016). However, anesthesia alters cortical activity in an age-
dependent manner (Granmo et al. 2013; Sitdikova et al. 2014;
Chang et al. 2016) and a full understanding of the maturation of
pain experience requires brain recording in awake animals.
Real-time electroencephalography (EEG) and electrocorticogram
(ECoG) recording from S1 in the awake, freely moving rat there-
fore offers an opportunity to investigate and understand the
emergence of dynamic pain activity in the developing brain.
Successful EEG, ECoG, and local ﬁeld potential recording in
nonanesthetized, adult rats, and rat pups has been achieved in
various behavioral studies (Lapray et al. 2008; Zayachkivsky
et al. 2013; Sarro et al. 2014; Boulay et al. 2015; Xia et al. 2016).
With respect to nociceptive processing, nociceptive laser
evoked potentials have been recorded in the awake, adult rat
S1 (Xia et al. 2016) and an increase in theta oscillations (4–8Hz)
has been observed in acute and chronic adult rat models, at
rest (LeBlanc et al. 2014). However, long-term recording of S1
nociceptive and pain activity in awake, active pups without
causing stress or impeding their healthy growth and maternal
interactions represents a technical challenge. Here we report
the results of high-quality long-term ECoG recordings from S1
using an open-source telemetry system (Chang et al. 2011),
adapted for awake and active young rats, aged postnatal days
8–30 for up to 19 days. By continuously monitoring the changes
in ECoG energy in the presence of a skin incision at different
postnatal ages, we have mapped the maturation of nociceptive
processing in S1. The results show that, following the arrival of
thalamocortical input, cortical nociceptive networks in S1 go
through distinct developmental stages, before displaying adult-
like patterns of activity at 4 weeks of age.
Materials and Methods
The objective of this study was to map the development of
pain activity in the somatosensory cortex of awake, freely mov-
ing rat pups. To do this an EEG transmitter was implanted sub-
cutaneously in rats of different postnatal ages from days (P)
6–30 and a recording electrode placed on the surface of the pri-
mary somatosensory cortex (S1) for a period of 1–18 days.
All experiments were performed in accordance with the
United Kingdom Animal (Scientiﬁc Procedures) Act 1986.
Reporting is based on the ARRIVE Guidelines for Reporting
Animal Research developed by the National Centre for
Replacement, Reﬁnement and Reduction of Animals in
Research, London, UK. Male Sprague-Dawley rats aged post-
natal days (P) 6–30 were obtained from the Biological Services
Unit, University College London. All animals were from the
same colony, bred, and maintained in-house, and exposed to
the same caging, diet, and handling throughout development.
Rats were housed in cages of 5 age-matched animals (P30) or
with the dam and littermates (P) 6–30 under controlled environ-
mental conditions (24–25 °C; 50–60% humidity; 12 h light/dark
cycle) with free access to food and water.
Electrocorticography Recordings (ECoG) in Awake
Animals
Rats were anaesthetized with 2.5–3% isoﬂurane (Abbot, AbbVie
Ltd) in 100% oxygen (ﬂow rate of 1–1.5 L/min) via gas anesthesia
Mask (Model 906, David Kopf Instruments) from a recently cali-
brated vaporizer (Harvard Apparatus). Body temperature was
maintained with heat blanket during surgery. An EEG transmit-
ter (A3028B, Open Source Instruments, Brandeis Boston) (Chang
et al. 2011) (see Supplementary Fig. S1) was implanted subcuta-
neously with the recording electrode positioned on the surface
of the primary somatosensory hindpaw cortex contralateral to
the stimulated side. Coordinates for P6–P14 were lateral 2.0mm
from midline and posterior 0.5mm from the bregma; and for
P18–P30 rats were lateral 2.5mm from midline, and posterior
1mm from the bregma (Khazipov et al. 2004; Paxinos and
Watson 2013; Paxinos et al. 2013; Chang et al. 2016). A reference
electrode was implanted in the skull over the cerebellum
behind the lambda. The whole assembly was held in place with
cyanoacrylate (Loctite). A subcutaneous injection of 0.1mL
bupivacaine around the wounds was given to animals for post-
surgical pain management. The entire procedure was com-
pleted within 10–15min. At the end of surgery, saline (1–2mL)
was administered subcutaneously. The animals were returned
to their dam and littermates (<P21) or home cage (>P21) and
closely monitored at least 3–4 h before returning to the animal
house to allow recovery for at least 2–4 days after surgery. In
two animals, the transmitter was chronically implanted at P11
until P29 for longitudinal data recordings.
All recordings were carried in a purposely designed record-
ing room with temperature control (24–25 °C) in order to
decrease ambient interference and improve the reception of
the transmitting signals. ECoG signals were radio transmitted
from the implanted transmitter to an antenna ﬁxed a corner of
the recording arena (A301501B) connected to a data receiver
(A3018C) over distances up to 300 cm (ﬁlter bandwidth: 0.2 Hz
to 160Hz, 512 SPS with 16 bit resolution). The data were dis-
played and saved by Neuroarchiver Tool in LWDAQ Software
(Open Source Instruments, Brandeis Boston). ECoG data were
then imported into Matlab for further analysis. Only data dur-
ing complete awake periods were further analyzed. Animals
were carefully monitored daily and were euthanized at the end
of experiment with pentobarbital (25mg/kg).
Experimental Protocol
This is illustrated in Figure 1. On the day of the recording, ani-
mals were transferred from the animal house to the recording
room. After 1 h of acclimatization, ECoG was recorded 1) at
baseline, 2) during cutaneous mechanical innocuous and nox-
ious stimulation of the hindpaw, and 3) following a cutaneous
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injury (see Fig. 4). For the 2 animals with a chronic implant
only baseline ECoG was recorded every day for 4–5 h.
Baseline ECoG
(P8, n = 5; P11, n = 10; P14, n = 9; P21, n = 10; P30, n = 9 and longi-
tudinal P11–P29, n = 2) Below the age of weaning (<P21), rats
were allowed to stay with their dam and littermates. At older
ages (>P21), rats were allowed to freely navigate within their
cage with their cage mates. Behavior was monitored during
recording and periods of awake, active exploration noted.
Cutaneous Sensory Stimulation of the Hindpaw
(P8, n = 5; P14, n = 9; P21, n = 10; P30, n = 9) Cutaneous sensory
stimulation was applied to one hindpaw. Dynamic tactile stim-
uli (brush) were delivered 5 times at 15–20 s intervals to the
contralateral dorsal hairy skin of the hindpaw using a small
camel hair paint brush (No. 2) applied in a proximo-distal direc-
tion from ankle to toes over 0.2 s. This was followed by interval
break of 5min. Next, noxious mechanical stimuli were deliv-
ered by pinching the mid portion of the dorsal hairy skin of
hindpaw with serrated forceps for 0.2 s. Noxious pinch stimuli
were applied 5 times at 15–20 s intervals.
Plantar Hindpaw Incision
(P8, n = 2; P14, n = 5; P21, n = 9; P30, n = 9) One hour after cuta-
neous sensory stimulation of the hindpaw, a subgroup of ani-
mals was anaesthetized and plantar hindpaw incision
performed (Fig. 1). Under general anesthesia with 2% isoﬂurane
in 100% oxygen (ﬂow rate, 1–1.5 L/min), a midline longitudinal
incision was made through the skin and fascia extending from
the midpoint of the heel to the proximal border of the ﬁrst foot-
pad (to ensure the same relative length of incision at different
ages) and the underlying plantar muscle elevated and incised
as previously described (Brennan et al. 1996; Walker et al. 2009).
Skin edges were closed with 5–0 nylon suture (Ethicon). The
whole procedure took 3–5min. After plantar hindpaw incision,
rats were placed in a recovery chamber and allowed to recover
from the general anesthesia before returning to their home
cage. The animals rapidly recovered within 2min after removal
of the gas mask. The ECoG was continuously recorded before,
during and up to 1 h after plantar hindpaw incision. Neuronal
recording was time locked to the stimulation using a modiﬁed
wireless transmitter with the two electrodes attached to the
forceps. Pressing the forceps caused a signal, recorded simul-
taneously with the ECoG, in the same recording system.
Data Analysis
Baseline ECoG
Analysis was conducted on recording periods when the ani-
mals were awake and active. In animals older than P13, this
state is characterized by low-amplitude and high-frequency
ECoG (Colonnese 2014). Epochs of 100 s were extracted from the
continuous intracortical recordings. The power spectral density
(PSD) of each 100-s ECoG epoch was estimated using the
Welch’s Overlapped Segment Averaging (WOSA) method as
implemented in MATLAB. The time series is broke up in over-
lapping blocks, a periodogram is then calculated for each block
using a window function and ﬁnally the individual periodo-
grams are averaged together to provide an overall spectral esti-
mate for the whole time series. In our analysis, we used =N 9B
blocks (of length NS) with a 50% overlap and a Hamming win-
dow h. A sample mean PSD ( ω̅ ( )Sx , where ω denotes the fre-
quency) at each postnatal age x was then calculated by
averaging the PSDs ( ωˆ ( )Sj ) of each animal j (with = …j J1, , )
belonging to that age group or at each postnatal day for the lon-
gitudinal data. PSD data are displayed in decibel (dB).
ECoG Following Cutaneous Sensory Stimulation of the Hindpaw
Peak amplitudes (ﬁrst positive to ﬁrst negative peak) of tactile-
and noxious-evoked potentials were computed for each animal
(5 stimuli per animal). Data are given as grand mean ± standard
error (number of stimuli × number of animals). Statistical ana-
lysis of peak amplitudes was performed using paired Student’s
T-test.
Continuous intracortical data were segmented into epochs
of 10 s, from 5 s pre-stimulus to 5 s poststimulus. Epochs were
then high-pass ﬁltered at 0.5 Hz with a zero phase second order
Butterworth ﬁlter. Time-frequency (TF) analysis was performed
using a complex Morse wavelet transform (Olhede and Walden
2002). This allowed us to calculate a complex TF spectral esti-
mate W(a,b) of the intracortical signal at each point (a,b) of the
TF plane between 0.5 and 100 Hz (in logarithmic steps). We esti-
mated the stimulus-induced energy changes time-locked to
each stimulus at each postnatal age separately.
The TF changes in the ECoG energy induced by the stimuli
were estimated as a group median. This was done by calculat-
ing the energy (i.e. modulus square) of the TF transform for
each individual trial and then taking the median at each TF
point (a, b) across all animals and trials. This value was normal-
ized by the mean energy content of the baseline period at each
frequency and represents the percentage energy changes
Figure 1. Experimental protocol. (A) Intracranial S1 ECoG recordings were performed in rats of different postnatal ages, 2–3 days after transmitter implantation.
Baseline ECoG activity, evoked responses to cutaneous stimulation, and ECoG activity before and after plantar hindpaw incision were collected. A total of 36 rats were
used. The full protocol was carried out on 25 rats. (B) In two animals ECoG was recorded continuously and collected for 4–5 h every day for 19 days.
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time-locked to the stimulus. The statistical signiﬁcance of
these changes was tested against a threshold of 0.001.
However, because these tests were conducted at any point (a, b)
of the TF plane, false discovery rate (FDR) was used to correct
for multiple comparisons (Benjamini and Hochberg 1995). The
total number of independent tests was estimated by 1) calculat-
ing the number of independent tests at each frequency by div-
iding the length of the considered epoch by the length of the
wavelet at that frequency (accounting for the correlation
caused by the smoothing in time of the wavelet transform) and
2) adding those numbers across frequencies.
ECoG Following Plantar Hindpaw Incision
To assess the effect of skin incision on the ECoG frequency con-
tent, we ﬁrst computed the sample mean PSD ω̅ ( )S2 at 5, 30, and
60min after plantar incision and recovery from anesthesia and
the baseline ω̅ ( )S1 at each postnatal age and then compared
them. The PSD was again estimated using the WOSA method
(Welch 1967) on 100 s long periods with =N 9B blocks (of length
NS) with a 50% overlap and a Hamming window h. The sample
mean PSD ( ω̅ ( )Sx ) before ( =x 1) and after ( =x 2) plantar incision
was then calculated by averaging the PSDs ( ωˆ ( )Sj ) of each animal
j (with = …j J1, , ). PSD data are displayed in decibel (dB).
In order to conduct the comparison and quantify, its statis-
tical signiﬁcance at each frequency ω we need to deﬁne a
frequency-speciﬁc test statistic under the null hypothesis that
the spectral density after the plantar incision is the same as for
the baseline observations. Under this null hypothesis
ω
ω
χ̅ ( )
( )
~ ν
S
S
a. ,1 2
and similarly for ω ω̅ ( ) ( )S S/2 (see Percival and Walden, 1993, p.
291), where a is a known constant. The degrees of freedom ν
and the constant a of the speciﬁed distribution depend on: 1)
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Thus under the null distribution we compute the following nor-
malized difference between ω̅ ( )S2 and ω̅ ( )S1 :
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Direct calculations show that this quantity has approximately a
Gaussian distribution standardized to mean zero and variance
unity. In this expression, we have deﬁned
ω ω ω̅ ( ) = ( ̅ ( ) + ̅ ( ))S S S1
2
,1 2
The signiﬁcance threshold for ω( )T was set at 0.05. However,
because the test was repeated at each frequency, FDR was used
to correct for multiple comparisons, accounting for the correl-
ation between frequencies, and considering that Chi-square
random variables can only exhibit positive correlation.
Results
Somatosensory ECoG Can Be Continuously Recorded in
Awake Rat Pups
Successful telemetric recordings from the somatosensory cortex
hindlimb region were achieved in rat pups aged postnatal day,
(P) 8, P11, P14, P21, and P30 (n = 5, 9, 10, 9) for up to 19 days. High-
quality baseline S1 ECoG was recorded at all ages when animals
were moving freely about the recording chamber (Fig. 2).
Importantly, the implanted subcutaneous transmitter and cor-
tical electrode had no adverse effects and pups developed nor-
mally within their litters, gaining weight at the same rate as
their nonimplanted littermates (see Supplementary Fig. S1).
Baseline ECoG Energy in the Awake Rat S1 Displays
Distinct Age-Dependent Patterns
Baseline ECoG was recorded in the somatosensory cortex (S1)
of awake, active rats, at each age. Sample traces in Figure 2A
show bursting activity at P8 and P11, characteristic of the
immature cortex (Colonnese et al. 2010; Minlebaev et al. 2011;
Sitdikova et al. 2014), that is no longer present at P14, P21, and
P30. Figure 2B shows PSD plots of baseline ECoG at each age.
These plots show that the overall ECoG energy in active ani-
mals increases with age, between P8 and P21. This increase in
energy with age is observed across all frequencies but is accom-
panied by speciﬁc changes in distinct frequency bands: a not-
able theta band (peaking at 6–7Hz) at P21 and P30, which is not
present at younger ages and a notable beta band (peak at 20–
30Hz) at P11 and P14, which is absent at older ages. Individual
frequency plots show that ECoG energy at most frequencies
increases until P14 and ﬂattens out from P14 onwards, but that
the theta and alpha energy continues to increase signiﬁcantly
between P14 and P30 (see Supplementary Fig. S2). These lower
frequencies therefore contribute relatively more to the increase
in total energy at later stages of development.
Figure 2 shows the same developmental pattern in the ECoG
PSD in longitudinal recordings obtained from two pups, recorded
continuously from P11 to P29. The marked beta energy, evident
in very young pups, declines at P16–P18, at the same age as the
marked theta energy emerges. Thus, just after 2 weeks of age, a
distinct developmental change occurs in the relationship
between energy and frequency of oscillations in S1.
Differential Coding of Brief Tactile and Noxious Stimuli
in the S1 of Awake, Active Rat Pups From P8
To establish whether there is differential coding of innocuous
and noxious cutaneous mechanical stimuli in S1, we recorded
evoked potentials to dynamic brush and mechanical pinch
stimulation of the hindpaw in awake active rats. Figure 3A
shows typical event-related potentials (ERP; mean of 5 repeated
stimuli) evoked by tactile and noxious stimulation at P8, P14,
P21, and P30 (n = 5, 9, 10, and 9, respectively). Figure 3B shows
the mean peak to peak amplitude of the potentials at each
age. ERP to tactile and noxious stimulation do not differ at P8
and P14, whereas at P21 and P30, S1 noxious-evoked potential
amplitudes are signiﬁcantly greater than those of tactile-
evoked potentials (mean SEP amplitudes: P21 tactile, 16.95 ±
3.05 μV; P21 noxious, 25.61 ± 6.60 μV, t0.05(2),9 = 3.574, P = 0.006;
P30 tactile, 14.44 ± 3.59 µV; P30 noxious, 20.35 ± 5.03 µV, t0.05(2),8
= 3.749, P = 0.0056). Because of the lower baseline ECoG voltage
ﬂuctuations at younger ages, even though the absolute
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amplitude of the ERP increases with age, the proportional
increase over baseline variance decreases (Fig. 3C).
To investigate energy changes in S1 ECoG, which are not
reﬂected in voltage amplitude measures, we performed a TF
decomposition of the signal. Figure 3D shows changes in mean
energy above baseline across different frequencies (1–100 Hz) in
the 5 s following hindpaw stimulation. Circumscribed areas
represent signiﬁcant energy changes compared with baseline.
At P8, tactile stimulation evokes a strong increase in energy
at all frequencies in the ﬁrst 500ms poststimulus. Noxious
pinch at this ages evokes a similar initial response but this is
followed by a long-lasting increase in energy across all frequen-
cies for the whole 5 s period. Note that the stimulus itself lasted
a maximum of 200ms. At P14 and older ages, the response to
cutaneous stimulation is much reduced in energy, compared
with P8, but pinch-evoked activity remains longer lasting than
tactile-evoked activity at all ages, especially at delta frequen-
cies (<4 Hz). The highest energy increases, particularly follow-
ing pinch stimulation, were observed in the theta (4–8Hz)
range and at P14 and P21, pinch stimulation also evoked long
latency increases in gamma energy.
Speciﬁc Postnatal Developmental Stages in Nociceptive
S1 Activity Following Skin Injury
We hypothesized that S1 cortical activity may better reﬂect the
nociceptive experience of the animal rather than the stimulus
intensity of a noxious stimulus. To test this, we recorded the
ECoG from the S1 of awake, active animals that had undergone
a hindpaw skin incision (Brennan et al. 1996). This injury is
known to activate spinal nociceptive circuits within minutes
(Shi et al. 2013) and induce hindpaw sensitivity for at least 24 h
in both young and adult rats (Walker et al. 2009). We recorded
continuous S1 ECoG for an hour following skin incision at each
age. Figure 4 shows mean ECoG PSD plots in P8, P14, P21, and
P30 awake, active rats at 5, 30, and 60min after hindpaw skin
incision compared with baseline. Signiﬁcant differences
between the 2 conditions are indicated by vertical-shaded areas
on the plots.
Depression of S1 EcoG Energy by Skin Incision Injury at P8 and P14
Skin injury in the P8 neonate (n = 2) has no signiﬁcant effect on
the S1 EcoG energy postinjury (Fig. 4, top panel). At P14 (n = 5),
energy is signiﬁcantly reduced by the same injury experience.
This reduction occurs 5min postinjury and consists of signiﬁ-
cant decrease in delta (<4Hz), theta (4–8 Hz), beta (20–30Hz),
and low gamma (30–50 Hz) energy (Fig. 4, second panel). By 30
and 60min overall energy has effectively recovered but some
depression in the beta and gamma band remains.
The Onset of a Distinct Skin Injury-Related Increase in S1 EcoG
Gamma Energy at P21
At P21 there is a marked change in the S1 ECoG response to
skin injury, compared with younger ages (Fig. 4, third panel).
The early, signiﬁcant energy decrease in the theta band,
observed at P14, remains but is now accompanied by a signiﬁ-
cant increase in the gamma band that is not observed at
younger ages. It is notable that the change in gamma energy
has switched from a signiﬁcant decrease at P14 to an increase
at P21. The increase in gamma energy is short lived, however,
and is no longer present at 30 and 60min.
Figure 2. Background ECoG activity in the somatosensory cortex (S1) of awake, active rat pups changes with postnatal development. (A) Sample traces of ECoG signals
recorded in S1 in awake animals at increasing postnatal ages from P8 to P30. (B) Energy PSD of S1 cortical activity at different postnatal ages (P8, n = 5; P11, n = 10; P14,
n = 9; P21, n = 10; P30, n = 9). Overall energy increases with age. Distinct beta (20–30 Hz) activity in young rats, disappears in older rats and is replaced by distinct
alpha/theta activity (4–8 Hz). (C) Longitudinal data showing the same developmental changes in PSD with age. ECoG activity was recorded every day from P11 through
to P29 (n = 2). Further analysis is found in Supplementary Fig. S2.
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The Addition of a Distinct Skin Injury-Related Increase in S1 EcoG
Theta Energy at P30
At P30 the increase in EcoG gamma energy following skin injury
is stronger and longer lasting than at P21 and is signiﬁcant at 5
and 30min postinjury (Fig. 4, lower panel). The early decrease
in theta energy, observed at P14 and P21, is still present at
5min but is now switched to a signiﬁcant increase in theta
energy at 30 and 60min postskin incision. P30 is the ﬁrst age at
which the effects of skin injury last for the full hour of
recording.
Discussion
Using real-time ECoG recording from the somatosensory cor-
tex in the awake, freely moving rat pup, we have mapped the
postnatal maturation of nociceptive activity in the develop-
ing brain. This is the ﬁrst study of changes in SI cortical
activity caused by a noxious skin injury over the ﬁrst 4 weeks
of life.
The increase in baseline ECoG energy in the somatosensory
cortex (S1) with postnatal age reported here and the distinctive
beta energy in very young rats is in agreement with previous
reports of ECoG recording in awake P7–P11 pups (Zayachkivsky
et al. 2013) and is comparable to that seen in premature human
infants (Niemarkt et al. 2011). The relatively greater beta energy
at P8 and P11 may arise from beta-oscillations, analogous to
those reported in visual cortex at this age (Colonnese and
Khazipov 2010), which are driven by thalamocortical inputs to
synchronize activity in the superﬁcial cortical layers and drive
cortical circuit formation in early development. The relative
increase in theta energy at P21 may signal the activation of
longer range coupling between cortical pyramidal neurons
(Bitzenhofer et al. 2015). These ﬁndings are strengthened by the
fact that the same developmental pattern in ECoG power spec-
tral density was obtained in cross-sectional and longitudinal
recordings from P11 to P29.
To investigate the development of S1 nociceptive activity
associated with a “pain state,” we used an established hindpaw
skin incision model (Brennan et al. 1996). This deﬁned skin
injury rapidly excites primary afferents (Hämäläinen et al.
2002; Boada et al. 2012), activating spinal nociceptive neurons
within minutes (Shi et al. 2013), releasing glutamate into the
dorsal horn (Zahn et al. 2002) resulting in expansion of neur-
onal receptive ﬁeld areas, spontaneous ﬁring, and evoked spike
activity in both young and adult rats (Vandermeulen and
Brennan 2000; Ririe et al. 2008). Behavioral studies show that
skin incision in adults and in neonatal rat pups induces pain
behavior and hyperalgesia that lasts for days (Brennan et al. 1996;
Figure 3. The development of ECoG activity recorded from S1 in response to contralateral hindpaw tactile and noxious mechanical cutaneous stimulation in
awake rats. (A) Sensory-evoked ECoG responses following tactile and noxious stimulation in awake rats at at P8 (n = 5), P14 (n = 9), 21 (n = 10), and P30 (n = 9).
Arrows indicate the stimulus onset. (B) Comparison of the peak amplitudes of sensory-evoked ECoG activity and (C) relative increases over baseline, following
tactile and noxious stimulation in awake rats. Graphs show means ± SD. Statistical analysis was performed using Paired Student’s t-test. * indicates P < 0.05,
** indicates P < 0.01, ns indicates nonsigniﬁcant. (D) TF decomposition of evoked ECoG activity following tactile and noxious stimulation in awake rats at P8, P14,
P21, and P30. Results are displayed as increases and decreases of energy relative to baseline. Circumscribed areas indicate the signiﬁcant changes in signal
energy from baseline (P < 0.001).
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Walker et al. 2009) and that this injury when performed in the
ﬁrst week of life can have long-term consequences upon the
development of spinal somatosensory circuits (Walker et al.
2016). The powerful effect of this injury upon spinal nociceptive
activity in the youngest rats, contrasts with the lack of increase
in somatosensory ECoG energy until the end of the third post-
natal week.
At P8, hindpaw skin incision had no effect on S1 cortical
activity, suggesting that nociceptive input has little effect upon
SI networks at this age, despite clear evidence of strong spinal
Figure 4. Changes in S1 cortical activity in S1 following plantar hindpaw skin incision in awake rats at postnatal days at 5, 30, and 60min postincision. Two panels
are presented at each age for each time point postincision. In the upper panels, the ECoG PSD at 5, 30, and 60min after skin incision (red) is compared with back-
ground ECoG (blue) preincision. The lower panels show the spectral differences in different frequency bands (low δ: 1–2Hz; high δ: 2–4 Hz; θ: 4–8Hz; α: 8–12Hz; β: 12–
30Hz; low γ: 30–50 Hz; high γ: 50–100Hz, as color coded). Positive values indicate energy increases postincision, while negative values indicate energy decreases.
Shaded vertical areas in the upper panels represent the statistical signiﬁcance of these differences. P8 (n = 2), P14 (n = 5), 21 (n = 9), P30 (n = 9) rats.
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nociceptive activity (Fitzgerald 2005). At P14, the effect of the
incision was to decrease energy across a range of frequencies
including the gamma band. The predominant decrease in ECoG
energy following skin injury at P14 could arise from decreased
neuronal signaling or from desynchrony of cortical oscillations.
Since spike timing is a crucial determinant of strengthening and
weakening of synapses, desynchronization may enhance devel-
opmental plasticity (Feldman 2012). These data are reminiscent
of the immediate cortical desynchronization observed in rat
pups during maternal absence or by maternal behaviors, such
as grooming and milk ejection (Sarro et al. 2014). While our
recordings were always made in the presence of the dam, desyn-
chronization may be a common mechanism underlying the
shaping of cortical connections by noxious sensory stimulation
or maternal deprivation (Nemeroff 2016). A normal background
developmental transition from desynchronized to synchronized
activity may also explain the increasing baseline ECoG energy
with age observed here. In human infants synchrony between
cortical activations also increases with age in the last 2 months
before term (Koolen et al. 2016). However, skin injury also causes
a transient but signiﬁcant decrease in theta energy that is evi-
dent at all ages from P14 to P30 that cannot be explained by
residual isoﬂurane from the surgery (MacIver and Bland 2014).
This short lasting theta energy decrease develops earlier than
the distinctive theta energy increases seen at later ages. It
appears therefore that the decrease in theta energy is an import-
ant early component of somatosensory cortical activity, but may
not be speciﬁc to nociception.
Skin injury at P21, on the other hand, caused a signiﬁcant
increase in gamma energy, 5 and 30min postsurgery, and this
was more pronounced at P30. This differs from the characteris-
tic spontaneous gamma activity of the early neonatal cortex,
which abruptly declines at P8 (Minlebaev et al. 2011; Khazipov
et al. 2013), but is an evoked activity, not observed in the con-
trol period. Gamma activity has been highly associated with
pain in adult rats (Li et al. 2010) and in humans it is strongly
correlated with subjective pain intensity (Zhang et al. 2012).
Furthermore, subjective perception of ongoing, tonic heat pain
is selectively encoded by gamma oscillations in the human
medial prefrontal cortex, differing fundamentally from that of
objective stimulus intensity and of brief pain stimuli (Schulz
et al. 2015). Skin injury at P30 also caused late onset increase in
theta energy, 30 and 60min postsurgery, which outlasted the
gamma response. Gamma coherence has been associated with
inter-regional communication within the brain, otherwise
known as communication through coherence (Buzsáki and
Draguhn 2004), but since the neural origins of the gamma oscil-
lations recorded here is not known, the proposal that increases
in gamma energy signals the beginning of long distance com-
munications in pain networks should be viewed with caution
(Buzsáki and Schomburg 2015). An increase in theta energy has
been reported in awake adult rat somatosensory cortex follow-
ing both capsaicin application to the skin and chronic nerve
injury (LeBlanc et al. 2014, 2016b) and also after noxious ther-
mal skin stimulation in anaesthetized adult rats (Devonshire
et al. 2015). Theta and gamma energy, if comparable to human
EEG data, could reﬂect the maturation of sensorimotor trans-
formation of pain (Schulz et al. 2012) or increased attentional
processing and enhanced saliency of pain-related signals
(Hauck et al. 2007) as well as subjective pain intensity (Zhang
et al. 2012; Dufort Rouleau et al. 2015).
These results should be viewed in the context of the overall
postnatal development of the rat cortex. The second week of life
represents a pivotal point in the transition from immature to
mature cortex in terms of cell growth, synaptogenesis, mechan-
isms of cortical plasticity, NMDA activity and GABA hyperpolari-
zation (Dehorter et al. 2012), marking a time when cortical
activity becomes strongly modulated by behavioral states (Cirelli
and Tononi 2015). The emergence of a “pain state” in the som-
atosensory cortex, characterized by initial suppression in slow
and enhancement of fast activities, which emerges and matures
through the third and fourth postnatal weeks, has similarities
with the transition from quiet awake to active explorative states,
which also emerge at this age. The results reported here are
based upon on ECoG recordings obtained while the pups were
awake and actively exploring, both pre- and poststimulus, in
order to minimize the general effects of arousal, but the 2 may
share some of the same mechanisms.
The data support the conclusion that somatosensory cor-
tical activity associated with injury-induced pain experience
requires the maturation of cortical networks beyond that
required for the ERP that follow brief tactile or noxious pinch of
the hindpaw skin, which are also observed in anesthetized rat
pups (Chang et al. 2016). Modality-speciﬁc responses to tactile
and noxious hindpaw stimulation can be recorded from noci-
ceptive speciﬁc and wide dynamic range neurons in the neo-
natal rat dorsal horn in the ﬁrst week of life (Fitzgerald 2005)
and while ascending nociceptive projections to thalamus
develop early, functional nociceptive inputs to brainstem nuclei
involved in descending control are not present until the second
postnatal week (Schwaller et al. 2016). The delayed, activity-
dependent maturation of dorsal horn inhibitory signaling
results in large receptive ﬁelds and prolonged ﬁring to noxious
stimulation in the neonatal dorsal horn (Koch and Fitzgerald
2013), which likely contribute the long-duration noxious ERPs
recorded here at P8 and P14. It is likely that pain-related cortical
network oscillations have a different origin from nociceptive
ERPs (Li et al. 2010). The reason for the functional delay in pain-
related oscillations is not known but may relate to the develop-
ment of intracortical connections and with other key brain
regions involved in pain processing. This is consistent with the
delayed onset of interhemispheric and higher-order cortical
somatosensory stimulus BOLD responses following electrical
forepaw stimulation at P13 (Colonnese et al. 2008). Many areas
involved in pain processing in adults are maturing over this
time: such as the insular cortex (Gogolla et al. 2014) and the
amygdala (Tallot et al. 2016). Important too, may be the delayed
maturation of the corticofugal control of brainstem nuclei,
responsible for controlling sensory inputs and motor behavior
(Schwaller et al. 2016).
A limitation of this study is the emphasis on the primary
somatosensory cortex (S1), which forms only a part of the dis-
tributed dynamic network that, in adult man, underlies the
conscious experience of pain (Davis et al. 2015; Kucyi and Davis
2015; Mano and Seymour 2015; Woo et al. 2015). However, the
primary somatosensory cortex is key part of that network and
is highly sensitive and speciﬁc to pain across individuals, both
human (Mancini et al. 2012; Wager et al. 2013; Woo et al. 2015)
and rodent (Hubbard et al. 2015; Amirmohseni et al. 2016) and
as such, represent a rational cortical location for such a devel-
opmental analysis. Differences in the S1 ECoG power spectral
density across postnatal ages could have been affected by
changes in the reference position as the animal grows and
interference from movement but these problems were mini-
mized with the current recording setup.
Future studies could include multiple recording sites across
other brain regions but it is important that the rat pups develop
normally and are awake, moving around and free of the stress
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during recording. Head ﬁxing or tethered recordings, which are
commonly used in awake cortical recordings, can be stressful
and blunt pain perception (Low et al. 2016). The stimulus was
also conﬁned to noxious mechanical stimulation in the hind-
paw and it would be important to explore other nociceptive
modalities and body regions in the future. The effects of stimu-
lus evoked hyperalgesia and analgesic efﬁcacy, as deﬁned by
behavioral tests, upon cortical activity could also be investi-
gated (LeBlanc et al. 2016a), as could any sex differences in
immature nociceptive brain circuits.
The results presented here may be translatable to cortical
pain processing in human infants (Fitzgerald 2015), but rats
are an altricial species and comparisons in cortical develop-
ment between rodents and humans are dependent upon
many factors speciﬁc to particular central nervous sys-
tem regions and circuits (McCutcheon and Marinelli 2009).
Nevertheless, homologous brain rhythms have been recorded
in the adult rat, primate, and human somatosensory cortex
(Fransen et al. 2016). Using comparative anatomical data, the
P14 rat cortex has been proposed to be equivalent to that of a
29-week gestation human infant (Clancy et al. 2001), while a
more recent algorithm, based on the maturation of visual cor-
tical synaptic proteins, suggests that a P11 rat pup is equiva-
lent to a term human infant (Pinto et al. 2015). Scalp EEG
recording in preterm human infants has demonstrated that
clinically required noxious skin stimulation evokes speciﬁc
nociceptive ERPs from 30 to 35 gestational weeks onwards
gradually replacing the immature nonspeciﬁc burst responses
(Fabrizi et al. 2011). Time frequency analysis of cortical activity
in full-term infants shows that nociceptive stimuli are
encoded differently from that in adults (Fabrizi et al. 2016) but
more research is required to understand the maturation of
pain representation in the human infant brain. Oscillations
and their synchronization are important correlates of neur-
onal processing, and coordination of neural activity into
whole-brain functional networks can provide valuable mea-
sures for the assessment of brain functions. Changes in ECoG
power spectral density during postnatal development reﬂect
the development of functional circuitry in the brain. Real-
time ECoG recording in the awake, freely moving rat offers
an opportunity to understand the emergence of nociceptive
processing and the representation of “pain states” in the
developing brain.
Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
Funding
The Medical Research Council, London, United Kingdom
(G0901269, PC & MF; MR/L019248/1, LF).
Notes
We thank Mr Kevan Hashemi of Open Source Instruments, Inc.
for his advice on ECoG recording and Mr Tom Carson for tech-
nical assistance. Conﬂict of Interest: The authors declare no con-
ﬂict of interest.
References
Akhmetshina D, Zakharov A, Vinokurova D, Nasretdinov A,
Valeeva G, Khazipov R. 2016. The serotonin reuptake
inhibitor citalopram suppresses activity in the neonatal rat
barrel cortex in vivo. Brain Res Bull. 124:48–54.
Amirmohseni S, Segelcke D, Reichl S, Wachsmuth L, Görlich D,
Faber C, Pogatzki-Zahn E. 2016. Characterization of inci-
sional and inﬂammatory pain in rats using functional tools
of MRI. Neuroimage. 127:110–122.
Benjamini Y, Hochberg Y. 1995. Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J
R Stat Soc Ser B Methodol. 57:289–300.
Bitzenhofer SH, Sieben K, Siebert KD, Spehr M, Hanganu-Opatz
IL. 2015. Oscillatory activity in developing prefrontal net-
works results from theta-gamma-modulated synaptic
inputs. Cell Rep. 11:486–497.
Boada MD, Gutierrez S, Giffear K, Eisenach JC, Ririe DG. 2012.
Skin incision-induced receptive ﬁeld responses of mechano-
sensitive peripheral neurons are developmentally regulated
in the rat. J Neurophysiol. 108:1122–1129.
Boulay CB, Chen XY, Wolpaw JR. 2015. Electrocorticographic
activity over sensorimotor cortex and motor function in
awake behaving rats. J Neurophysiol. 113:2232–2241.
Brennan TJ, Vandermeulen EP, Gebhart GF. 1996. Characterization
of a rat model of incisional pain. Pain. 64:493–502.50.
Buzsáki G, Draguhn A. 2004. Neuronal oscillations in cortical
networks. Science. 304:1926–1929.
Buzsáki G, Schomburg EW. 2015. What does gamma coherence
tell us about inter-regional neural communication? Nat
Neurosci. 18:484–489.
Chang P, Hashemi KS, Walker MC. 2011. A novel telemetry sys-
tem for recording EEG in small animals. J Neurosci Methods.
201:106–115.
Chang P-S, Walker SM, Fitzgerald M. 2016. Differential suppres-
sion of spontaneous and noxious-evoked somatosensory
cortical activity by isoﬂurane in the neonatal rat.
Anesthesiology. 124:885–898.
Cirelli C, Tononi G. 2015. Cortical development, EEG rhythms,
and the sleep/wake cycle. Biol Psychiatry. 77:1071–1078.
Clancy B, Darlington RB, Finlay BL. 2001. Translating develop-
mental time across mammalian species. Neuroscience. 105:
7–17.
Colonnese MT. 2014. Rapid developmental emergence of stable
depolarization during wakefulness by inhibitory balancing
of cortical network excitability. J Neurosci Off J Soc Neurosci.
34:5477–5485.
Colonnese MT, Kaminska A, Minlebaev M, Milh M, Bloem B,
Lescure S, Moriette G, Chiron C, Ben-Ari Y, Khazipov R. 2010.
A conserved switch in sensory processing prepares develop-
ing neocortex for vision. Neuron. 67:480–498.
Colonnese MT, Khazipov R. 2010. “Slow activity transients” in
infant rat visual cortex: a spreading synchronous oscillation
patterned by retinal waves. J Neurosci Off J Soc Neurosci. 30:
4325–4337.
Colonnese MT, Phillips MA, Constantine-Paton M, Kaila K,
Jasanoff A. 2008. Development of hemodynamic responses
and functional connectivity in rat somatosensory cortex.
Nat Neurosci. 11:72–79.
Davis KD, Bushnell MC, Iannetti GD, St Lawrence K, Coghill R.
2015. Evidence against pain speciﬁcity in the dorsal poster-
ior insula. F1000. Research. 4:362.
Dehorter N, Vinay L, Hammond C, Ben-Ari Y. 2012. Timing of
developmental sequences in different brain structures:
physiological and pathological implications. Eur J Neurosci.
35:1846–1856.
Devonshire IM, Greenspon CM, Hathway GJ. 2015.
Developmental alterations in noxious-evoked EEG activity
The Development of Nociceptive Network Activity Chang et al. | 4521
recorded from rat primary somatosensory cortex.
Neuroscience. 305:343–350.
Dufort Rouleau R, Lagrandeur L, Daigle K, Lorrain D, Léonard G,
Whittingstall K, Goffaux P. 2015. Signiﬁcance of non-phase
locked oscillatory brain activity in response to noxious stim-
uli. Can J Neurol Sci. 42:436–443.
Dufour A, Rollenhagen A, Sätzler K, Lübke JHR. 2016.
Development of synaptic boutons in layer 4 of the barrel
ﬁeld of the rat somatosensory cortex: a quantitative ana-
lysis. Cereb Cortex. 26:838–854.
Fabrizi L, Slater R, Worley A, Meek J, Boyd S, Olhede S,
Fitzgerald M. 2011. A shift in sensory processing that
enables the developing human brain to discriminate touch
from pain. Curr Biol. 21:1552–1558.
Fabrizi L, Verriotis M, Lee A, Meek J, Olhede S, Fitzgerald M.
2016. Encoding of mechanical nociception differs in the
adult and infant brain. Sci Rep. 6:28642.
Feldman DE. 2012. The spike-timing dependence of plasticity.
Neuron. 75:556–571.
Feldmeyer D. 2012. Excitatory neuronal connectivity in the barrel
cortex. Front Neuroanat. 6:24.
Fitzgerald M. 2005. The development of nociceptive circuits.
Nat Rev Neurosci. 6:507–520.
Fitzgerald M. 2015. What do we really know about newborn
infant pain? Exp Physiol. 100:1451–1457.
Fransen AM, Dimitriadis G, van Ede F, Maris E. 2016. Distinct α-
and β-band rhythms over rat somatosensory cortex with
similar properties as in humans. J Neurophysiol. 115:
3030–3044.
Gogolla N, Takesian AE, Feng G, Fagiolini M, Hensch TK. 2014.
Sensory integration in mouse insular cortex reﬂects GABA
circuit maturation. Neuron. 83:894–905.
Goksan S, Hartley C, Emery F, Cockrill N, Poorun R, Moultrie F,
Rogers R, Campbell J, Sanders M, Adams E, et al. 2015. fMRI
reveals neural activity overlap between adult and infant
pain. eLife. 4:e06356.
Granmo M, Jensen T, Schouenborg J. 2013. Nociceptive trans-
mission to rat primary somatosensory cortex–comparison
of sedative and analgesic effects. PloS One. 8:e53966.
Hämäläinen MM, Gebhart GF, Brennan TJ. 2002. Acute effect of
an incision on mechanosensitive afferents in the plantar rat
hindpaw. J Neurophysiol. 87:712–720.
Hauck M, Lorenz J, Engel AK. 2007. Attention to painful stimula-
tion enhances gamma-band activity and synchronization in
human sensorimotor cortex. J Neurosci. 27:9270–9277.
Hubbard CS, Khan SA, Xu S, Cha M, Masri R, Seminowicz DA.
2015. Behavioral, metabolic and functional brain changes in
a rat model of chronic neuropathic pain: a longitudinal MRI
study. Neuroimage. 107:333–344.
Khazipov R, Minlebaev M, Valeeva G. 2013. Early gamma oscilla-
tions. Neuroscience. 250:240–252.
Khazipov R, Sirota A, Leinekugel X, Holmes GL, Ben-Ari Y,
Buzsaki G. 2004. Early motor activity drives spindle bursts
in the developing somatosensory cortex. Nature. 432:
758–761.
Koch SC, Fitzgerald M. 2013. Activity-dependent development
of tactile and nociceptive spinal cord circuits. Ann N Y Acad
Sci. 1279:97–102.
Koolen N, Dereymaeker A, Räsänen O, Jansen K, Vervisch J,
Matic V, Naulaers G, De Vos M, Van Huffel S, Vanhatalo S.
2016. Early development of synchrony in cortical activations
in the human. Neuroscience. 322:298–307.
Kucyi A, Davis KD. 2015. The dynamic pain connectome.
Trends Neurosci. 38:86–95.
Lapray D, Bergeler J, Dupont E, Thews O, Luhmann HJ. 2008. A
novel miniature telemetric system for recording EEG activity
in freely moving rats. J Neurosci Methods. 168:119–126.
Lebedeva J, Zakharov A, Ogievetsky E, Minlebaeva A, Kurbanov
R, Gerasimova E, Sitdikova G, Khazipov R. 2015. Inhibition of
cortical activity and apoptosis caused by ethanol in neonatal
rats in vivo. Cereb Cortex. pii: bhv293. [Epub ahead of print].
LeBlanc BW, Bowary PM, Chao YC, Lii TR, Saab CY. 2016a.
Electroencephalographic signatures of pain and analgesia in
rats. Pain. 157:2330–2340.
LeBlanc BW, Lii TR, Huang JJ, Chao Y-C, Bowary PM, Cross BS,
Lee MS, Vera-Portocarrero LP, Saab CY. 2016b. T-type cal-
cium channel blocker Z944 restores cortical synchrony and
thalamocortical connectivity in a rat model of neuropathic
pain. Pain. 157:255–263.
LeBlanc BW, Lii TR, Silverman AE, Alleyne RT, Saab CY. 2014.
Cortical theta is increased while thalamocortical coherence
is decreased in rat models of acute and chronic pain. Pain.
155:773–782.
Li G-L, Qiao Z-M, Han J-S, Luo F. 2010. Dissociated behavior of
low-frequency responses and high-frequency oscillations
after systemic morphine administration in conscious rats.
Neuroreport. 21:2–7.
Low LA, Bauer LC, Pitcher MH, Bushnell MC. 2016. Restraint
training for awake functional brain scanning of rodents can
cause long-lasting changes in pain and stress responses.
Pain. 157:1761–1772.
MacIver MB, Bland BH. 2014. Chaos analysis of EEG during
isoﬂurane-induced loss of righting in rats. Front Syst
Neurosci. 8:203.
Mancini F, Haggard P, Iannetti GD, Longo MR, Sereno MI. 2012.
Fine-grained nociceptive maps in primary somatosensory
cortex. J Neurosci. 32:17155–17162.
Mano H, Seymour B. 2015. Pain: a distributed brain information
network? PLoS Biol. 13:e1002037.
McCutcheon JE, Marinelli M. 2009. Age matters. Eur J Neurosci.
29:997–1014.
Minlebaev M, Colonnese M, Tsintsadze T, Sirota A, Khazipov R.
2011. Early gamma oscillations synchronize developing thal-
amus and cortex. Science. 334:226–229.
Mitrukhina O, Suchkov D, Khazipov R, Minlebaev M. 2015.
Imprecise whisker map in the neonatal rat barrel cortex.
Cereb Cortex. 25:3458–3467.
Nemeroff CB. 2016. Paradise lost: the neurobiological and clinical
consequences of child abuse and neglect. Neuron. 89:892–909.
Niemarkt HJ, Jennekens W, Pasman JW, Katgert T, Van Pul C,
Gavilanes AWD, Kramer BW, Zimmermann LJ, Bambang
Oetomo S, Andriessen P. 2011. Maturational changes in
automated EEG spectral power analysis in preterm infants.
Pediatr Res. 70:529–534.
Olhede SC, Walden AT. 2002. Generalized Morse wavelets. IEEE
Trans Signal Process. 50:2661–2670.
Paxinos G, Ashwell KWS, Tork I. 2013.Atlas of the developing
rat nervous system. 3rd ed. San Diego, USA: Elsevier.
Paxinos G, Watson C. 2013.The rat brain in stereotaxic coordi-
nates. 7th ed. San Diego, USA: Elsevier.
Percival DB, Walden AT. 1993.Spectral analysis for physical
applications. Cambridge, UK: Cambridge University Press.
Pinto JGA, Jones DG, Williams CK, Murphy KM. 2015.
Characterizing synaptic protein development in human vis-
ual cortex enables alignment of synaptic age with rat visual
cortex. Front Neural Circuits. 9:3.
Ririe DG, Bremner LR, Fitzgerald M. 2008. Comparison of the
immediate effects of surgical incision on dorsal horn
4522 | Cerebral Cortex, 2016, Vol. 26, No. 12
neuronal receptive ﬁeld size and responses during postnatal
development. Anesthesiology. 109:698–706.
Sarro EC, Wilson DA, Sullivan RM. 2014. Maternal regulation of
infant brain state. Curr Biol. 24:1664–1669.
Schulz E, May ES, Postorino M, Tiemann L, Nickel MM,
Witkovsky V, Schmidt P, Gross J, Ploner M. 2015. Prefrontal
gamma oscillations encode tonic pain in humans. Cereb
Cortex. 25:4407–4414.
Schulz E, Tiemann L, Witkovsky V, Schmidt P, Ploner M. 2012.
γ Oscillations are involved in the sensorimotor transform-
ation of pain. J Neurophysiol. 108:1025–1031.
Schwaller F, Kwok C, Fitzgerald M. 2016. Postnatal maturation
of the spinal-bulbo-spinal loop: brainstem control of spinal
nociception is independent of sensory input in neonatal
rats. Pain. 157:677–686.
Shi X-D, Fu D, Xu J-M, Zhang Y-L, Dai R-P. 2013. Activation of
spinal ERK1/2 contributes to mechanical allodynia in a rat
model of postoperative pain. Mol Med Rep. 7:1661–1665.
Sitdikova G, Zakharov A, Janackova S, Gerasimova E, Lebedeva
J, Inacio AR, Zaynutdinova D, Minlebaev M, Holmes GL,
Khazipov R. 2014. Isoﬂurane suppresses early cortical activ-
ity. Ann Clin Transl Neurol. 1: 15–26.
Slater R, Cantarella A, Gallella S, Worley A, Boyd S, Meek J,
Fitzgerald M. 2006. Cortical pain responses in human
infants. J Neurosci. 26:3662–3666.
Tallot L, Doyère V, Sullivan RM. 2016. Developmental emer-
gence of fear/threat learning: neurobiology, associations
and timing. Genes Brain Behav. 15:144–154.
Thairu BK. 1971. Post-natal changes in the somaesthetic evoked
potentials in the albino rat. Nature New Biol. 231:30–31.
Vandermeulen EP, Brennan TJ. 2000. Alterations in ascending
dorsal horn neurons by a surgical incision in the rat foot. J
Am Soc Anesthesiol. 93:1294–1302.
Verriotis M, Fabrizi L, Lee A, Cooper RJ, Fitzgerald M, Meek J.
2016. Mapping cortical responses to somatosensory
stimuli in human infants with simultaneous near-
infrared spectroscopy and event-related potential record-
ing. eNeuro. 3:2. pii: ENEURO.0026-16.2016.
Wager TD, Atlas LY, Lindquist MA, Roy M, Woo C-W, Kross E.
2013. An fMRI-based neurologic signature of physical pain.
N Engl J Med. 368:1388–1397.
Walker SM, Beggs S, Baccei ML. 2016. Persistent changes in per-
ipheral and spinal nociceptive processing after early tissue
injury. Exp Neurol, CNS consequences of neonatal periph-
eral. Injury. 275 (Part 2):253–260.
Walker SM, Tochiki KK, Fitzgerald M. 2009. Hindpaw incision in
early life increases the hyperalgesic response to repeat sur-
gical injury: critical period and dependence on initial affer-
ent activity. Pain. 147:99–106.
Welch PD. 1967. The use of Fast Fourier Transform for the
estimation of power spectra: a method based on time
averaging over short, modiﬁed periodograms. IEEE Trans
Audio Electroacoustics. AU-15:70–73.
Woo C-W, Roy M, Buhle JT, Wager TD. 2015. Distinct brain sys-
tems mediate the effects of nociceptive input and self-
regulation on pain. PLoS Biol. 13:e1002036.
Xia XL, Peng WW, Iannetti GD, Hu L. 2016. Laser-evoked cortical
responses in freely-moving rats reﬂect the activation of C-
ﬁbre afferent pathways. NeuroImage. 128:209–217.
Zahn PK, Sluka KA, Brennan TJ. 2002. Excitatory amino acid
release in the spinal cord caused by plantar incision in the
rat. Pain. 100:65–76.
Zayachkivsky A, Lehmkuhle MJ, Fisher JH, Ekstrand JJ,
Dudek FE. 2013. Recording EEG in immature rats with a
novel miniature telemetry system. J Neurophysiol. 109:
900–911.
Zhang ZG, Hu L, Hung YS, Mouraux A, Iannetti GD. 2012.
Gamma-band oscillations in the primary somatosensory
cortex–a direct and obligatory correlate of subjective pain
intensity. J Neurosci. 32:7429–7438.
The Development of Nociceptive Network Activity Chang et al. | 4523
